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River stage measurements at many locations are fundamental for the analysis
of dlynamicnaents on rives, Including Ice breakup But, thesecdatarcefrequerity
unavailable. A high-resolution, broadband millkmeter-wave (26.'5 to 40 GHz)
Frequency Molulald!-Contvuou Wave (FM-MW radar, with real-timne data
acquisiton anciitbal signal processing capability, was mounted from fixed
locations on brides over the Connecticut River to continuously acquire,
proces, store9 and disLay rive stag data during controlled releases of water
from a hydropower dam. The rodow system prvided conitninus stage data of
awiccurc comparbl to those acquired by a survey loam and a permnanent U.S.
Geological Survey strem, gauging staton. The system can be rapidly Installed
anid Is capable of acquirng data, Including event timing at 1-, 10- or 60-
second Intevals, around-te-clock, wi~u operato Interaction or visual
readlings. The system seso can be remotely mounted and monitored, ftherby
minimizing scaui hazardse kxpersnn using direc nmeasue metecnqs.
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Automatic, Continuous River Stage Measurement
with a Millimeter-Wave FM-CW Radar

NORBERT E. YANKIELUN AND MICHAEL G. FERPICK

INTRODUCTION that measurement systems that itne ieadily installed
and not affected by light and ice motion conditions

Radar systems are commonly used in hydrologi- are needed. River stage measurement with high-
cal and other geophysical applications, particularly resolution MMW FM-CW radar provides a remote-
for measuring ice thickness on freshwater rivers and ly mounted and monitored, continuously record-
lakes. The majority of the effort, to date, has been ing alternative to the established techniques. Radar
with radars operating at frequencies from less than 1 measurements from above the river keep personnel
to 12 GHz that are able to resolve ice thicknesses in safe from the physical hazards of direct observa-
the range of 10 to 20 cn (Page and Ramseier 1975, tion and eliminate data reliability problems caused
Venier and Cross 1975, Chudobiak et al. 1978, Batson by scour. As an economy, the radar system used for
et al. 1984, Arcone 1991). Additionally, radars have stage measurement is also useful for measuring ice
been used for other geophysical remote sensing ap- thickness (Yankielun et al. 1993).
plications (Wittmann and Stoltenbeg 1981) and for
snow stratification investigations (Ellerbruch and
Boyne 1984, Gubler and Hiller 1984). iadars are also FM.CW RADAR
commonly used as altimeters, capable of measuring
the range from an aircraft to the ground (Skolnik In an FM-CW system (Fig. 1), the output of an
1980). MMW linear Voltage Controlled Oscillator (VCO) is

Recently, an airborne millimeter-wave (MMW) transmitted toward the target. The energy reflected
FM-CW (frequency modulated-continuous wave) from the target, delayed by the round-trip propaga-
radar system has been developed that can do high- tion time 2tp, is mixed with a sample of the VCO
resolution, continuous profiling of river and lake ice output. The difference frequency F. is proportional
(Yankielun 1992, 1.. kielun et al. 1992, 1993). It can to the distance to the target and can be determined
resolve distance in air to as little as 1.1 an, and can using spectral analysis techniques.
resolve freshwater ice sheet thicknesses to a mini- Distance d in meters is calculated in terms of fre-
mum of 3 anm ±10%. quency according to the relation

Accurate river stage measurement is critical to
flood hazard and water resource assessment. In par- d = (Fr) (tswp)c (1)
ticular, the importance of river surging on the pro- 2(B W) (hair)
cesses of dynamic ice breakup and ice-induced
flooding is widely recognized. However, stage mea- where Fr = difference frequency due to radar re-
surement on rivers that experience dynamic break- flection (Hz)
up can be difficult. Ice rubble piles on the banks, twp = FM-CW sweep time (s)
darkness and ice scour of the bed frequently stop c = velocity of light in vacuum (m/s)
measurements by survey teams and instruments re- BW = FM-CW swept bandwidth (Hz)
quiring that cables be placed in the river. It is clear nk = index of refraction of air = 1.
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Figure L. FM-CW radar system.

Figure 2 shows a processed F1M-CW radar return where FjI =f difference frequency due to air/ice in-
from a water surface, where terface reflection

Ffn = differene frequency due to ice/water
d 0 (1.4 kHz) (0.066 s) (3X 10ign /s) 8.36 m. interface reflection

2(13.5 GHz) (1) nic = index of refraction of freshwater ice=
178 (Cumming 1952).

The broader the swept bandwidth is, the greater
is the dFstance resolution. For the system discussed The significant contrast between indices of re-
here, the bandwidth, as available from the sweep os- fraction of air and water causes radar scans obtained

ailator, is 265 to 40 Gu z. There is a tradeoff between
range and resolution as there is a limit on thei
number of time series samples that can be taken fisswace ice I
during a given sweep at a set sample rate. The (

greatcr the maximum radar range, the fewer -.30
samples that can be allocated to a small fre-
quency segment of interest. In this application, tthe 2048 digitized time series samples of eachk 40

scan are transformed to a power spectrum con-
sisting of 1024 discrete frequencies from 0 to the
one-half the sample rate; the rarige resolution is .-50
approximately 1.1 cn.

When a sheet of cold, dry freshwater ice is
encountered by the radar, two pulses are re-
flected, one each from the air/ice and ice/water
interfaces. The ice thickness ti in meters is
found from the separation of the two difference o0 4 12 16
frequencies according to the relation Frequency (kHz)

S- Fri )(tc Figure 2. Typical frequency-transformed FM-CW radar sig-
t= r2 (2) nal reflected from an air/water interface with radar range in-

2 (B W)(nice) dicated.
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from warm and wet ice, saturated snow cover, sur- appropriate to fully characterize an event. Data are
face melt pools or open water to exhibit a single re- sampled at 31.25 kHz, providing a maximum radar
flection pulse, since virtually all of the transmitted range of 11.46 mrin air. Each digitized scan issequen-
energy is reflected at this interface. The minute corn- tially stored in binary format on the laptop com-
ponent of transmitted energy coupled through this puter hard disk for later Digital Signal Processing
interface is predominantly absorbed by the wet me- (DSP) and analysis. A time stamp and index number
dium. are stored for each acquired scan in ASCII format in

a second data file. The time stamp data are used in
conjunction with the radar scan data to precisely

SYSTEM DESCRIPTION time events. In parallel with this data acquisition
operation, the HP3660A Dynamic Signal Analyzer

The system used for this experiment (Fig. 3) is a is used to monitor the process and display real-time
modified version of a successfully deployed MMW ranging information.
FM-CW radar system (Yankielun 1992, Yankielun et The radar front-end--consisting of the VCO,
al. 1992). Here, the system consists of an HP 3314A waveguide components, transmit and receive an-
function generator programmed to produce a 0- to
10-V linear ramp with a period of 0.066 seconds that
is used to drive the MMW VCO. A second output on l
the signal generator provides a pulse, synchronized I
with the start and end points of the linear ramp, to
trigger an HP 3660A Dynamic Signal Analyzer and .
the 12-bit analog-to-digital converter (A/D) internal ,
to the laptop computer. Data acquisition software
controlling the A/D converter is programmed to
count the synchronization pulses from the HP
3314A and digitize every nt radar scan into 2048
time series samples. Here, n is chosen to permit ac-
quisition of one scan every 1, 10 or 60 seconds, as

HP 3660A
Dynamic Signal

Laptop Computer Analyzer 3
With 12-bit AID Card

HP 3314A '

Function Generator

Radar FrontEnd ]""-
Rx Anwi:, Tx Ant. ,"

Figure 4. MMW FM-CW radar front-end suspended
River Surface by a cable from a window in the covered bridge over the

Connecticut River at Windsor, Vermont. Initial range
from the radar to the river surface was approximately 10 m.

Figure 3. Components of the MMW FM-CW radar The slightly off-nadir antenna look angle, while not opti-
system used here. mum, did not appreciably affct radar data acquisition.
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Figure 5. Radar system control and data acquisition components in operation on the covered bridge over the
Connecticut River at Windsor, Vermont. Vi,,ibe, arc the laptop computer (upper hft), ditlpamic sig% al anahlzer
and sweep generator (lower left) and a battery box power supplly/for the radar front-end (Iou•er right).
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tennas, mixer and audio amplifier-is mounted I I I I I I IUSo uSsstream Gaging
with the antennas pointing at a normal incidence 0 USMSaSuremGn g
from a fixed point overlooking the river (Fig. 4). The measurements
remaining control and acquisition components are
remotely located and connected to the front-end via
power and signal cables (Fig. 5). The system is pow- . 80o
ered by a portable, gasoline-driven electric genera- Ator. c

After a survey is completed, the raw time series .2 01

radar data are processed and displayed using a 40-
Macintosh HI computer equipped with a Spectral In-
novations, Inc., DSP coprocessor. Each radar scan
was digitized to provide 2048 time series samples, 0
transformed into a power spectrum, processed with
a Hanning window algorithm to suppress the effect 1630 1700 1730 1800 1830
of spectral sidelobes that might otherwise mask Time (hr)

lower level signals, and displayed in a continuous Figure 7. Spectrogram of radar ranging
spectrographic form. In a spectrogram, discrete sig- data indicating time and river rise during
nal magnitudes are represented by a range of color the experiment over open water. U.S. Geo-
or gray scale. With monochromatic graphics, this re- logical Survey stream gauging measurements
sults in signal magnitudes above a preset threshold at the same location are also indicated.
appearing as black and below that threshold as
white (Fig. 6). The DSP software permits a threshold
level to be set for a .!ear differentiation of the radar sampling process (Oppenheim and Schafer 1975,
pulse reflection from fhe river surface. Here, as a re- Stanley et al. 1984). Aliasing is a well known and
suit of the selected threshold level intersecting re- unwanted manifestation that can occur when digi-
flection pulses at a point somewhat below the pulse tally sampling data. Typically, it is prevented or at-
peak, the trace appears fairly broad. A multi-color tenuated to negligible levels by appropriate analog
spectrographic display provides significantly great- filtering prior to digital sampling. Here, however,
er graphical resolution than is possible with mono- aliasing was exploited, in effect, to extend the range
chromatic display by indicating intermediate levels of the radar and provide an accurate representation
of signal intensity with a 256-shade color gradient. of river stage (Fig. 7). While the spectrogram trace is

not as distinct as that obtainable with the sensor
placed within the specified operational ranf,* it

RESULTS AND DISCUSSION closely tracks the data from the gauging station.
Trace clarity can ' ,iewgrdficantly improved when the

Experiments over open water and an ice cover system is operated within its specified range limits.
were conducted to ascertain the viability of this tech-
nique of remotely obtaining river stage data. Ice cover experiment

The radar system was deployed from a bridge
Open water experiment over the Connecticut River on 6 March 1992, at

The radar system was deployed over open water Windsor, Vermont, to capture the shape of a large
from a bridge across the Connecticut River, near water surge released from the Wilder Dam upriver
West Lebanon, New Hampshire, to acquire river during a study of controlled ice breakup (Ferrick
stage data prior to and during the transition from and Mulherin 1989). Here, the radar sensor was
minimum flow to full turbine operation at the placed within its operational range, permitting ac-
Wilder Dam hydropower station, 2 km upriver. Un- quisition of stage data with improved trace clarity.
fortunately, the height of this bridge above the river A spectmogram of the raw stage data is shown in Fig-
made it impossible to suspend the radar sensor ure 8a. Simultaneously with the radar, a survey crew
within its specified operational range with the acquired stage data at the same location with a level
cables available. However, a faint trace that accu- and stadia rod.
rately tracked the river stage was visible in the spec- The power spectrum data for each radar scan
trogram of the processed data. This trace is a vesti- were further processed to precisely derive the radar
gial artifact attributable to "aliasing" in the digital range from the location of the pulse with the maxi-
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Figure 8. Spectrograms of radar ranging data indicating time and river rise during the experiment over an ice cover.

mum magnitude in each scan. The location of the face, an ice/water interface or an air/water inter-
pulse with the greatest magnitude in each radar face. It has been shown (Yankielun 1992) that in the
scan represents the range to the target that provides case of cold, dry, freshwater ice, there may be as
the greatest reflectivity Here, there are three pos- much as a ±15 dB difference between the magnitude
sible targets to which the maximum magnitude of the air/ice and ice/water reflected pulses within
pulse in a scan may be attributable: an air/ice inter- a given scan, mainly attributable to variations in the
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toosurface and volume scattering of the radar sig- Stationary Ice Cover It Ploto S
nal. Therefore, in any given scan taken over WOW
cold, dry ice, the air/ice or ice/water pulse 2.0

may be identified by the peak finder algorithm "o Surveyed River Stage

as the pulse with the maximum magnitude. 1.66
This results in a possible scan-to-scan variation '' "
of range proportional to the thickness of the ice 1.2.

sheet. Figure 8b shows the result of processing . I
with the maximum peak locating algorithm. o 0.8.-
Data from the survey measurements are over-
laid for comparison. 0.4-

To smooth the data, a running 10-point
averaging algorithm was applied to the maxi- 0' -
mum peal' magnitude data, with the results 0900 1000 1100 1200 1300 1400 1500 16W
shown in Figure 8c. Here, the overlaid survey Trne
data acc irately track the radar data after 1300 Figure 10. Comparison of radar and surveyed river stage data
hours. Prior to this, the averaged radar data are obtained on the Connecticut River near Ascutney, Vermont,
either systematically higher of shift irregularly on 30 March 1992.
about the survey data. The difference between
the radar and the survey measurements is caused by in rubble height above the water surface, and indi-
shifting ice plates in the near bank area as they inter- cates tI ie trend in river stage. During the second half
act with each other and the river bed. Locating the of the event, the ice rubble had passed from under
radar system further from the bank over smooth the radar and the resulting scan-to-scan consistency.
and free floating sheet ice would provide accurate is indicative of a response from open water. No sur-
river stage measurement, veyed stage data were available for comparison to

At 0730 hours on 30 March 1993, the radar was the radar measurements during this portion of the
again deployed over the Connecticut River, at Wind- breakup event owing to the hazard presented by the
sor, Vermont, to obtain stage data during a natural moving ice. The stage increase following the pas-
breakup. The ice had broken into rubble and was al- sage of the ice continued over the next hour, but at a
ready moving when the radar system was set up diminishing rate. During this same period, the stage
and activated. The stage data were acquired every was steady at a stream gauge 23 km upstream in
20 seconds; Figure 9 shows the resulting stage radar open water, and at a Lurvey station 8 km down-
spectrograph. The wide variation seen in the left half stream where the river had a stationary ice sheet.
of the spectrograph trace results from the variation Together, these data indicate that the rising stage at

Windsor was local, resulting from the ice stopping
and a backwater developing behind the newly

2.0 - formed jani.
Moving Ice R Open Water-• At 0930 hours on 30 March 1993, the radar sys-

1.6 I tem was redeployed from another bridge over the
j IConnecticut River at Ascutney, Vermont, approxi-

8.1.2 ' . , .mately 8 km downstream of the Windsor site. Figure
10 compares the radar spectrogram with surveyed
stage data at this site. The agreement between these

0. " data records is excellent for the entire period of mea-
0.4 surement. The river stage increased gradually for

0.4 .. • . Iseveral hours and then increased abuptly. The
rapid rise beginning at 1358 was caused by the ar-

o rival of a flow surge initiated by sudden ice motion
0730 0745 0o00 0oo 5 0 6o 0645 upstream. The local ice motion began at 1407 and

stopped at 1441, just prir to the river stage peak.
Figure 9. Stage data obtained during 30 March 1992 After the peak, the stage rapidly diminished, reach-
showing the transition from a moving rubble ice cover ing a new steady state prior to 1600. The shape of
to open water on the Connecticut River near Windsor, this portion of the stage graph is cha-acteristic of a
Vermont. "drainout," indicating that the source of the surge,
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local channel storage because of the ice, was finite Chudobiak, WJ., R. Gray and J.S. Wight (1978) A
and had been depleted. nanosecond impulse X-band radar. Proceedings of the

IEEE, 66(4): 523-524.
Cumming, W.A. (1952) The dielectric properties of

CONCLUSIONS ice and snow at 3.2 centimeters. Journal of Applied
Physics, 23(7): 768-773.

Few river stage measurement methods are avail- Ellerbruch, D.A. ant H.S. Boyne (1984) Snow
able that can be rapidly deployed and are reliable stratigraphy and water equivalence measured with
during all conditions, and moving river ice poses a an active microwave system. Journal of Glaciology, 26:
great hazard to those. These experiments over both 109-119.
open water and an ice cover demonstrate that an Ferrick, M.G. and N.D. Mulherin (1989) Frame-
automatic, stand-alone MMW FM-CW radar sys- work for control of dyn-dmic ice breakup by river
tern can be rapidly installed to provide continuous, regulation. USA Cold Regions Research and Engi-
around-the-clock stage data of accuracy comparable neering Laboratory, CRREL Report 89-12.
to those acquired by a survey team limited to day- Gubler, H. and M. Hiller (1984) The use of micro-
light operation. Since the system can be remotely wave FM-CW radar in snow and avalanche re-
mounted and monitored, personnel are not jeopar- search. Cold Regions Science and Technology, 9: 109-119.
dized by the hazards involved with direct measure- Oppenheim, A.V. and R.W. Schafer (1975) Digital
ment. Radar stage measurement from above the Signal Processing. New York: Prentice-Hall.
river eliminates the data reliability problems of sys- Page, D.F. and R.O. Ramseier (1975) Application of
tems that require the placement of cables in the river, radar techniques to ice and snow studies. Journal of
which are subject to scour. The radar system is also Glaciology, 15(75): 171-191.
economical because it is identical to that used for ice Skolnik, M. I. (1980) Introduction to Radar Systems.
thickness measurement. New York- McGraw-Hill.

Our initial experiments show promise and have Stanley, W.D., G.R. Dougherty and R. Dougherty
pointed out several modifications for future mea- (1984) Digital Signal Procesing. Reston, Virginia:
surements. A mounting bracket will be installed to Reston Publishing Co.
eliminate any wind-induced movement of the radar Venier, G.O. and ER. Cross (1975) An airborne lin-
front-end over the river surface. Abetter maintained ear-sweep FM radar system for measuring ice thick-
nadir look-angle will ensure that the maximum ness. Ottawa: Communications Research Centre,
amount of transmitted power will be reflected di- Department of Communications, Canada, CRC Re-
rectly back to the radar, thus improving the signal- port 1269.
to-noise ratio of the system. Additionally, position- Wittmann, R.C. and IL. Stoltenberg (1981) Ad-
ing the radar more centrally in the river over free- vanced FM/CW microwave techniques for remote
floating sheet ice rather thant closer to the bank sensing applications. Boulder, Colorado: Electro-
avoids shore and grounded ice sheet effects and im- magnetic Fields Division, National Bureau of Stan-
proves the accuracy of river stage measurements. dards, SR-732-20-81.
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